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Abstract 
Local defect structures are significant to determine material properties since the defects 
introduced into host materials would affect their local/average crystal environments and 
thus lead to a change of their macroscopic physicochemical performances. The intentional 
design of specific local defect states in materials not only depends on the selected 
synthesis method and preparation process but also relies on the selected dopant or co-
dopant ions. A deep understanding of the intrinsic relationships between local defect 
structures, chemical synthesis and associated properties is thus thought as one major 
framework of material genome plan. It also significantly pushes the design, development 
and application of novel multifunctional materials. 
Based on local defect structural design coupled with new synthesis strategies, (In3+, Nb5+) 
co-doped anatase TiO2 nanocrystals with the complicated chemical formula of 
(Ti1-x-y-z
4+
Tix
3+
Iny
3+Nbz
5+
)(O2-(x+y-z)/2
2- ☐y/2) are synthesized by a solvothermal method (☐  
here represents oxygen vacancies and also labelled as  VO
 •• ). It is experimentally 
demonstrated that the dual mechanisms of nucleation and diffusion doping are 
responsible for the synergistic incorporation of difficult-dopant In3+ ions and easy-dopant 
Nb5+ ions, and theoretically evidenced that the local defect structures created by the 
introduced In3+, Nb5+ co-dopants, the resultant Ti3+ and VO
 ••  are composed of both 
2InTi
' +VO
 ••+TiTi
'
+NbTi
•
 defect clusters and equivalent TiTi
 ' 
+NbTi
•
 defect pairs. These 
introduced local defect structures then act as nucleation centres of baddeleyite- and α-
PbO2-like metastable polymorphic phases and induce an abnormal trans-regime structural 
transition of co-doped anatase TiO2 nanocrystals under high pressure. Furthermore, the 
(In3+, Nb5+) co-doped anatase TiO2 small nanocrystals with average particle sizes of less 
than 10 nm can also be used as raw materials to large-scaly manufacture a new generation 
of TiO2-based ceramic capacitors designed in terms of electron-pinned defect dipole 
mechanism. Through the utilization of these small nanocrystals, the sintering temperature 
of ceramic capacitors can be lowered to about 1200 °C and thus conquers the 
technological bottleneck facing the fabrication of ceramic capacitors using this type of 
materials.    
To develop the third generation of high-efficient visible light catalysts, (N3-, Nb5+) co-
doped anatase TiO2 nanocrystals with the formula of (Ti1-x-y
4+
Tix
3+
Nby
5+
)(O2-y’-z
2- ☐𝑧Ny’
3-)  are 
synthesized through a solvothermal reaction route for efficiently introducing nitrogen 
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ions into host TiO2 materials and simultaneously avoiding nitrogen evaporation during 
subsequent high temperature processing. Experimental and theoretical investigations 
demonstrate that the formation of highly concentrated defect-pairs between N3- and Nb5+ 
co-dopant ions is key to enhance visible light absorption of TiO2 nanocrystals, prevent 
the recombination or trapping of photo-generated charge carrier, and significantly 
improve visible light catalytic efficiency. It is thus unveiled that a fundamental 
understanding of the functions of local defect structures and a well-controlled synthetic 
strategy are critical to develop highly efficient visible light catalysts with unprecedented 
photocatalytic performances.  
In combination of local defect structural design and the exploration of new synthesis 
strategies, (Ti1-x
4+
Tix
3+
)(O2-y-z
2- Ny
3-☐z) anatase nanocrystals containing N
3- and Ti3+ ions are 
synthesized by using TiCl4 as Ti source, HNO3 as nitrogen source and ethanol as a 
reaction solvent. In this material, Ti3+-VO-2Ti
4+-N3- defect clusters are formed in anatase 
TiO2 nanocrystals and the visible light catalytic properties are greatly enhanced thereof. 
The formation of local Ti3+-VO-2Ti
4+-N3- defect clusters is finally demonstrated to play 
an important role on the obvious enhancement of Rhodamine B degradation efficiency 
under only visible light illumination. In further comparison with (In3+, Nb5+) and (N3-, 
Nb5+) co-doped anatase TiO2 nanocrystals, it can be concluded that the local defect 
structures generated by introduced co-dopant ions are complicated in strong-correlated 
TiO2 systems and differ from case to case.  
Through these systematic investigations on ions co-doped TiO2 nanocrystals, a major 
difficulty to efficiently introduce difficult-dopant ions such as N3- and In3+ into TiO2 
crystal structures at high concentrations, especially, through wet chemical synthesis, is 
solved. Two types of high-efficient TiO2-based visible light catalysts are achieved for 
environmental remediation by directly using the clean and renewable solar energy; and 
one raw material for the manufacture of new ceramic capacitors and new TiO2 metastable 
polymorphic phases is provided. The discussion on the doping mechanisms, the defect 
formation and their associated impacts on material performances will not only benefit the 
future development of physical chemistry, material science and defect chemistry, but also 
open a new route to design novel multifunctional materials based on local defect 
structures in materials. 
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Chapter 1.  Introduction 
In recent years, titanium dioxide (TiO2) and TiO2-based materials (e.g. self-modified TiO2, 
extrinsic elements doped/co-doped TiO2, a mixture of two or more polymorphic TiO2, 
and the composites of TiO2 with other materials etc.) have attracted broad research and 
industrial interest since they possess multifunctional features and are thus widely used in 
a range of fields. As the ninth most-abundant element (0.63%) in earth crust, the storage 
amount of titanium is rather rich, partially leading to the low-cost of TiO2 and TiO2-based 
materials for their large-scale applications. Furthermore, nontoxicity, relatively chemical 
stability and good biocompatibility also broadens their potential applications as additives 
of cosmetics, paints and other commercial products for teeth whitening or air purification 
etc. In the introduction section of this thesis, TiO2 crystal structures, the application of 
TiO2 and TiO2-based materials, the defects in self-modified and co-doped TiO2-based 
materials, the chemical synthesis methods and the associated physicochemical properties 
of co-doped TiO2-based materials are briefly reviewed.  
1.1 TiO2 crystal structures 
TiO2 is a typical multiple polymorphic material with up to twelve different types of crystal 
structures. TiOX (x=6, 7, 8, 9, 10) polyhedrons, which are used as the basic units to 
construct these different TiO2 polymorphs and their related connection modes, are shown 
in Figure 1. Anatase, rutile and brookite are its three common phases and extensively 
reported to date since (1) they are easier and more mature to be synthesized at the 
experimental and industrial scales; and (2) they are more stable than other TiO2 crystal 
structures at ambient conditions. Though the three normal TiO2 phases are all composed 
of TiO6 octahedrons (Figure 1a-1c), the connection mode of TiO6 octahedrons slightly 
differs from one another. In anatase TiO2 with space group symmetry I41/amd,
1 each TiO6 
octahedron shares four edges with the nearest ones, and forms zigzag chains along the a 
and b directions. Regarding rutile TiO2 with space group symmetry P42/mnm,
2 each TiO6 
octahedron links together with another four basic units by sharing corners along a and b 
directions, and connects with another two by sharing edges along c direction. As to 
brookite TiO2 with space group symmetry Pbca,
3 each TiO6 octahedron shares three 
edges to form an orthorhombic structure. one of these connection modes determines the 
crystal arrangement of brookite TiO2 along the a direction while the other two connection 
modes determine their arrangement along the c direction.  
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Figure 1. Polyhedral structures of different TiO2 polymorphs: (a) anatase, (b) rutile, (c) 
brookite, (d) VO2-like structure, (e) α-PbO2-like structure, (f) hollandite-like structure, (g) 
ramsdellite-like structure, (h) orthorhombic structure, (i) baddeleyite-like structure, (j) 
CaF2-like structure, (k) FeP2-like structure, and (l) CaC2-like structure. 
TiO6 octahedrons are also used to construct other TiO2 crystal structures including VO2-
like (TiO2-B), α-PbO2-like, hollandite-like (TiO2-H), ramsdellite-like (TiO2-R) and TiO2-
O forms. However, the chemical synthesis of these crystal structures becomes more 
difficult and complicated than that of anatase, rutile or brookite phases. The reports on 
them are thus scare, and some of them are only predicted theoretically. In the framework 
structure of TiO2-B with group space symmetry C2/m,
4 it is usually described as a stack 
of (011)-oriented sheets consisting of double layers of edge-sharing TiO2 octahedrons. 
The sheets are connected through the corners of the facing octahedrons (note: it is also 
proposed that the environment of the corresponding Ti atom in a TiO2-B phase is distorted 
square-pyramidal rather than octahedral.). In an α-PbO2-like phase with space group 
symmetry Pbcn,5 TiO6 octahedrons form the planar chains sharing edges in a zigzag 
arrangement along the c direction. In the TiO2-H crystal structure with space group 
symmetry I4/m,6 it is composed of double chains of TiO6 octahedrons by sharing edges 
(viewed along the c direction). Furthermore, it also shows 2x2 channels which are formed 
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along the [001] direction by corner cross-linking double chains. In a TiO2-R form with 
space group symmetry Pbnm,7 its basic framework is the TiO6 double rutile chain. In the 
TiO2-O crystal structure with space group symmetry Pca21,
8 the TiO6 octahedrons are 
severely distorted and the Ti-O bonds present three different lengths. 
In addition to these crystal structures composed of TiO6 octahedrons, TiO2 also possesses 
many other polymorphs in which Ti4+ ions have higher coordination numbers (e.g. 7, 8, 
9 and 10). For instance, the baddeleyite-like TiO2 phase with space group symmetry P21/c 
is constructed by TiO7 decahedra;
9 the CaF2-like crystal structure with space group 
symmetry Fm-3m is composed of TiO8 cubes;
10 the FeP2-like structure is consisted by 
TiO9 basic units,
11 and the CaC2-type structure with space group symmetry I4/mmm 
adopts ten-fold coordinated TiO10 units by face-sharing dodecahedrons.
12 The ten 
coordination number is also currently known as the highest coordination number among 
all TiO2 crystal structures. Such highly coordinated TiO2 can only be synthesized under 
extremely high pressure conditions (above 690 GPa). Since TiO2 has so many different 
crystal structures, it is normally taken as a model system to investigate the internal 
structure of earth by geologists. Future work on experimentally synthesizing or 
industrially manufacturing these highly-coordinated TiO2 is necessary since they present 
ultra-high hardness, excellent conductivity or other abnormal physicochemical 
performances.   
1.2 Application of TiO2 and TiO2-based materials 
TiO2 and TiO2-based materials are now broadly used in optics, electrics, electronics, 
magnetics and other fields. Figure 2 shows the main physicochemical properties and 
applications of TiO2 and TiO2-based materials. As the whitest pigment, intrinsic TiO2 is 
normally added into paints or cosmetics to strengthen their whiteness. Elemental doping 
such as Fe, V or Ti3+ can make TiO2-based materials show colour variation and thus 
important for colourful pigments.13 Meanwhile, TiO2 and TiO2-based materials can also 
absorb ultraviolent light of solar spectrum and hence lower the damage of intense sunlight 
on human skins. Their absorbed photon energy can efficiently activate the separation of 
electron-hole pairs, and are then used to catalyse the decomposition of organic 
contaminates in water/air, the photo-degradation of plastic products or the splitting of 
water into hydrogen and oxygen gases.14 TiO2 and TiO2-based materials are thus broadly 
used as ultraviolent- or visble-light photocatalysts in wastewater purification, air cleaning, 
and environmental remediation etc.  
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Figure 2. The major applications of TiO2 and TiO2-based materials. 
TiO2 and TiO2-based materials are also widely applied in electrics or electronics. As a 
potential candidate of transparent conductive oxides, they can potentially replace the 
traditional ITO as a transparent electrode due to their low resistivity (2x10-4 Ω•cm at room 
temperature) and high internal transmittance (95% in the visible light region).15 In the 
assembling of solar cells like dye sensitive solar cells and hybrid organic-inorganic 
perovskite solar cells, they are normally used as the compact/mesoporous layers to 
separate electrons and holes.16,17 In the sensors, they are normally used to detect gas 
molecules, soluble organics in water environment or biological substances etc.18 Besides 
these applications, TiO2-based materials also make a big progress in the application of 
capacitors because they simultaneously show colossal permittivity, relatively low 
dielectric loss and excellent temperature stability.19 Their outstanding dielectric 
properties open up a new way to manufacture the future generation of single-layer or 
multi-layer ceramic capacitors. 
In magnetics, TiO2-based materials achieve extensive focus on the preparation of 
spintronic devices.20 As a type of diluted magnetic semiconductors, both charge and spin 
degrees of freedom of carriers are used to store and transmit information. When some of 
transition metal ions (e.g. Fe, Co, Ni or Cu) are introduced into the crystal lattices of TiO2 
host materials, the diamagnetic or antiferromagnetic TiO2 is transferred to be 
ferromagnetic. This magnetic transition is beneficial to offer lower power consumption 
and greater operating speed than the charge-based analogues.  
In addition, TiO2 and TiO2-based materials are also broadly used in other fields such as 
anti-fogging and self-cleaning coating, high refractive index glasses (e.g. anatase: n≈2.56; 
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rutile: n≈2.61 and brookite: n≈2.58) and even the assay of some chemicals. For instance, 
ultrafast drying, antifogging as well as the self-cleaning of dirt or organic contaminates 
can be realized through controlling the superhydrophilicity or superhydrophobicity of 
TiO2 or TiO2-based material surfaces.
21,22 
1.3 Defects in TiO2 and TiO2-based materials 
Perfect and stoichiometric TiO2 materials almost do not exist naturally or even cannot be 
synthesized artificially. That is, TiO2 and TiO2-based materials must contain a certain 
type or  level of defects. Some of these defects do not significantly affect their 
physicochemical properties and thus can be neglected. The others play critical roles 
depending on the concentration, the forms of introduced defects or the level of structural 
distortion.23 It is commonly accepted that several properties of solid materials are 
controlled not so much by their geometric and electronic structure but by faults or defects 
in the crystal structures.24 Through introducing different types, different forms and/or 
different concentrations of defects into TiO2-based host materials, their local/average 
crystal structure can be tuned and thus their macroscopic performances can be changed 
by the intentional defect design and associated defect engineering. The introduced defect 
species, defect types or defect densities are directly related to the preparation procedures, 
synthesis methods, and the selection of extrinsic co-dopant or dopant ions. 
1.3.1 Defects in self-modified TiO2 
Self-modifying means that TiO2 materials are modified by the change of chemical valence, 
stoichiometric ratio, and atomic position of Ti and O other than by the introduction of 
additional elements. In the self-modified TiO2 materials, intrinsic defects are rich and 
diverse depending on the concrete preparation conditions. They not only include point 
defects like oxygen vacancies, titanium interstitials, titanium vacancies and oxygen 
interstitials or reduced titanium (Ti3+), but also include planar defects like shear planes. 
1.3.1.1 Point defects in self-modified TiO2 
Oxygen vacancy is one of the most important defects, and it is also supposed to be one 
prevalent point defect in TiO2. Oxygen vacancy in self-modified TiO2 materials has been 
broadly investigated by both theoretical calculations and experimental 
characterizations.25 It has been demonstrated that oxygen vacancies can behave as 
important adsorption and active sites for heterogeneous catalysis, which are able to 
strongly affect the reactivity of host TiO2 materials. Once oxygen ions in TiO2 crystal 
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structure are removed from their regular sites, oxygen vacancies will be left there. 
According to the chemical valences, oxygen vacancies can be categorized into doubly 
(𝑉𝑂
••), singly (𝑉𝑂
•) and neutral (VO) ionized one, respectively.  
Some experimental evidences are provided for the existence of oxygen vacancies with 
different chemical valences. For example, the results of infrared absorption spectroscopy 
point out that the energy level of doubly ionized 𝑉𝑂
•• locates at about 1.18 eV below the 
conduction band edge while that of 𝑉𝑂
• is at about 0.75 eV.26 It is in consistency with that 
of Ab initio density functional theory calculations.23,27 Thermogravimetric analysis and 
electrical characterization further exhibit that the formation energy of 𝑉𝑂
•• and 𝑉𝑂
• is 4.6 
and (3.6-4.0) eV, respectively, though these values are slightly different depending on the 
reaction temperature and the partial pressure of oxygen gas.28 For the neutral oxygen 
vacancies, the calculated formation energy is about 5.19-5.45 eV under extreme O-rich 
conditions and 1.42-1.65 eV under extreme Ti-rich conditions.29 In addition, scanning 
tunnelling microscope (STM) images show some bright spots in the atomic column of 
oxygen30 while  photoluminance spectra present the enhancement of peak intensity and 
blue-shift of peak positions due to the formation of oxygen vacancies.31 
Another dominant point defect in self-modified TiO2 is Ti
3+ ions. It is generated by the 
reduction of Ti4+ ions at a high temperature or under reduction conditions such as 
hydrogen, carbon monoxide gas and others. Ti3+ ions are thought as donor dopants to 
increase the conductivity of TiO2 or act as reactive agents for many adsorbents. They are 
also believed to be the origin of blue coloration or “colour centre” of TiO2. The formation 
of Ti3+ ions in TiO2 is supported by several experimental evidences, (1) the g-tensor 
typical of a Ti 3d1 state measured by electronic paramagnetic resonance (EPR);32 (2) the 
Ti3+ signal with the binding energy of 457.7 eV detected by X-ray photoelectron 
spectroscopy (XPS);33 and (3) a bandgap state of ∼2 eV above the valence band (VB) 
maximum probed by ultraviolent photoemission spectroscopy (UPS), electron energy loss 
spectroscopy (EELS), or STM.34-38 Though these techniques provide solid evidences for 
the existence of Ti3+ ions, it is still difficult to confirm their quantitate concentrations, 
their location in self-modified TiO2 (bulk or surface), and their direct impacts on material 
properties. 
In addition to oxygen vacancies and Ti3+ ions, there are also many other types of point 
defects such as titanium interstitials,39 titanium vacancies,40 and oxygen interstitials41 etc. 
Due to only fewer studies on these defects, their experimental and theoretical evidences 
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should be further provided to demonstrate whether they indeed exist in TiO2 materials. 
Moreover, these defects are usually formed at special conditions such as strict oxygen 
conditions or much longer reaction time. Their controllable synthesis is thus a difficulty. 
At most cases, the point defect species in TiO2 is not single. Two or more types of point 
defects simultaneously exist in TiO2 and thus lead to a complication in their analysis and 
characterization. 
1.3.1.2 Shear planes in self-modified TiO2 
The appearance of crystallographic shear planes (i.e. magnéli phases) make the story of 
defects in self-modified TiO2 materials more complicated. Crystallographic shear 
virtually displaces one slab of crystal with respect to a neighbouring slab, along a defined 
(hkl) plane, the shear plane, the displacement being defined by a shear vector, which 
approximates to a lattice vector of the parent structure when allowance is made for 
distortions in the fused octahedral groups.42 The shear vector must have a component 
normal to the shear plane in order to give rise to a change in chemical composition. The 
shear vector lying wholly in the shear plane produces a stacking fault or antiphase 
boundary.43 In a series of oxygen-deficient TiO2 compounds, the normally observed shear 
plane is (12-1), but other shear planes also exist in samples, for example, (13-2). 
Ab initio calculations point out that the defects’ formation energies of magnéli phases is 
lower than that of isolated point defects. It is thus preferable to form a Magnéli phase at 
a particular concentration of oxygen deficiency.44 These crystallographic shear planes are 
natural charge storage materials with a storage capacity that rivals the best known 
supercapacitors.45 The experimental evidences of crystallographic shear planes are 
provided by electron microscopy, electron diffraction, direct lattice imaging, and X-ray 
diffraction etc. 
1.3.2 Defects in co-doped TiO2-based materials 
The introduction of two or more extrinsic elements into TiO2 crystal structures would 
form their co-doped TiO2-based materials. According to the types of incorporated 
elements, co-doped TiO2-based materials are categorized into three different types, that 
is, (1) metal+metal (M, M) ions co-doped TiO2; (2) non-metal+non-metal (No, No) ions 
co-doped TiO2; and (3) non-metal+metal (No, M) ions co-doped TiO2. The dopant M ions 
are thought to substitute a proportion of Ti4+ or occupy the interstitial positions of TiO2 
crystal structures depending on their ionic radius and the synthesis condition of co-doped 
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TiO2-based materials. The dopant No ions are designed to replace a proportion of O
2- ions, 
or they can also occupy the interstitial positions. The incorporated co-dopants can locally 
exist as isolated point defects, bind together to form defect pairs, or combine with other 
induced ions to form complicated defect clusters or inter-grown shear planes in the co-
doped TiO2-based materials. These different defect types are critical to determine the 
physicochemical properties of TiO2-based materials. In the following, (N
3-, M5+) and 
(M3+, M5+) co-doped TiO2-based materials are taken as examples to further describe the 
formation of local defect structures, the used synthesis methods to introduce local defect 
states, as well as the effects of introduced defects on TiO2-based material properties like 
visible light catalytic and colossal permittivity performances. 
1.3.2.1 Defects in (N3-, M5+) co-doped TiO2 for visible light catalysts 
(N3-, M5+) co-doping (M=Nb, V, Ta and others) is an efficient strategy to activate the 
visible light catalytic (VLC) behaviour of TiO2 materials for broad use in wastewater 
purification, air cleaning, hydrogen generation, and sterilization. It is thus significant to 
enhance the utilization efficiency of clean/renewable solar energy, and to alter the current 
state of environmental pollution. In (N3-, M5+) co-doped TiO2-based materials, N
3- and 
M5+ ions are simultaneously incorporated into TiO2 crystal structures by substituting a 
proportion of the Ti4+ and O2- host ions. The atomic orbitals of these extrinsic co-dopant 
ions will hybridize with that of Ti4+, O2- or each other to extend the light absorption of 
TiO2 towards the visible light regime, to reduce recombination of electron-hole pairs, and 
finally to enhance VLC efficiency. Furthermore, the coupling of N3- and M5+ ions also 
increases the doping concentration of difficult-dopant N3- ions. 
The selected M5+ ions mainly include Nb5+, Ta5+ and V5+ metal ions. In the atomic 
periodic table, niobium (Nb) is the 41st element with an electronegativity of 1.6 Pauling 
units and has the electronic configuration of 1s22s22p63s23p63d104s24p64d45s1. Nb ions 
normally have three chemical valences depending on the number of lost electrons in 4d 
and 5s orbitals, i.e., Nb5+ (the ionic radius, rion=0.078 nm in six-coordinated octahedral), 
Nb4+ (rion=0.082 nm), and Nb
3+ (rion=0.086 nm).
46  
Tantalum (Ta) is the 73rd element with an electronegativity of 1.5 Pauling units and has 
the electronic configuration of 1s22s22p63s23p63d104s24p64d104f145s25p65d36s2. Ta5+, Ta4+ 
and Ta3+ are their three stable ions at normal conditions. The ionic radii of Ta ions are the 
same as that of Nb ions (rion of Ta
5+=0.078 nm; Ta4+=0.082 nm; Ta3+=0.086 nm). 
Vanadium (V) is the 43rd element with an electronegativity of 1.63 Pauling units and has 
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the electronic configuration of 1s22s22p63s23p63d34s2. The ionic radii of V ions are 
smaller than that of Ta or Nb ions, and are 0.068 (V5+); 0.072 nm (V4+); and 0.078 nm 
(V3+), respectively.  
Since Ta5+ and Nb5+ ions have almost the similar ionic radius as Ti4+ (rion=0.0745 nm) 
and their elements show the similar electronegativity as Ti (1.54), they are normally co-
doped together with N3- ions into host TiO2 without producing a large distortion in the 
local/average crystal structures. The smaller V5+ ions are sometimes also used as co-
dopants due to their easy substitution of Ti4+ ions.  
Furthermore, M5+ dopant ions lose one additional electron in contrast to the Ti4+ host ions. 
This electron is well compensated by the co-doping of N3- cations. The molar ratio of M5+ 
and N3- co-dopants is thus expected to be 1:1 for charge balance. Any deviation of this 
stoichiometric ratio will generate extra Ti3+ ions or additional oxygen vacancies. In the 
two scenarios, (N3-, M5+) co-doping is actually accompanied by N3- or M5+ mono-doping. 
 
Figure 3. A 108-atom supercell containing substituted N and Ta co-dopants (a), the 
calculated total DOS (b) and PDOS (c) of un-doped, Ta mono-doped, N mono-doped and 
(N, Ta) co-doped anatase TiO2.
67 
Theoretical calculations demonstrate that N and Ta co-dopants prefer to directly bind 
together in one octahedron among various co-doped configurations (Figure 3). An 
increase in the N-Ta distances will lead to a higher total formation energy. The 
hybridization of N2p and Ta5d states in (N, Ta) co-doped TiO2 reduces recombination 
centres caused by impurity levels (Figure 3b and 3c), narrows the bandgap, increases 
carrier mobility, and finally enhances the VLC properties of (N, Ta) co-doped anatase 
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TiO2 materials. The calculated bandgap value (2.7 eV) is also in consistency with the 
experimental results. The similar scenario also happens in (N, V) co-doped TiO2. N and 
V will chemically bind together and narrow the bandgap by about 0.45 eV through 
providing an acceptor level of about 0.33 eV above the valence band and a donor level of 
about 0.12 eV below the conduction band. Moreover, the N and V have a large binding 
energy of about 0.77 eV, making them rather stable against separation, but the controlling 
of chemical valences of V5+ ions is too difficult technologically. 
Various experimental routes have been tried to date to synthesize (N3-, M5+) co-doped 
TiO2 materials. Table 1 lists the detailed synthesis processes, the characterized material 
properties and the measured VLC effects. As  seen, the used N sources are categorized 
into three different types: (1) the colourless liquid HNO3 (nitric acid), NH4OH (ammonia 
solution), C4H11N (n-Butylamine), C6H15N (triethylamine), and C6H15NO3 
(triethanolamine); (2) the solid CH4N2O (urea), C6H12N4 (hexamethylenetetramine) and 
NH4VO3 (ammonium metavanadate), as well as (3) NH3 (ammonia) or N2 (nitrogen) gas. 
Meanwhile, the used M5+ sources include NbCl5 (niobium pentachloride), 
Nb(OCH2CH3)5 (niobium ethoxide), (NH4)[(NbOF4)(NbF7)2, Ti1-xNbx alloy, TaCl5 
(tantalum pentachloride), Ta metal, (Ta2O5)0.01(TiO2)0.99 pellets, TaC15H35O5 (tantalum 
isopropoxide), NH4VO3 (ammonium metavanadate) and others. The used Ti sources are 
mainly focused on Ti(SO4)2 (titanium sulphate), TiCl4 (titanium tetrachloride), 
C12H28O4Ti (titanium isopropoxide, TTIP), C16H36O4Ti (titanium butoxide, Ti(OBu)4), N 
mono-doped TiO2, Ti1-xNbx alloy or Ti metal. 
According to the difference in the selected raw materials, many synthesis methods have 
been tried to date to prepare (N3-, M5+) co-doped TiO2 materials. The microwave-assisted 
hydrothermal or direct hydrothermal route are able to achieve (N3-, M5+) co-doped TiO2 
nanocrystals without any post-sintering process. In this reaction route, the raw materials 
containing Ti4+, M5+ and N3- ions were firstly dispersed in distilled water to form one 
solution. The prepared solution was then added into autoclaves to chemically react at the 
set temperature and reaction time. When the autoclaves cooled down to room temperatue,  
(N3-, M5+) co-doped TiO2 product was finally achieved by separating them from the 
solution, washing and drying. This synthesis route is also easy to control the morphology 
and particle size of prepared (N3-, M5+) co-doped TiO2 nanomaterials. Another widely 
used synthesis route is sol-gel and post-sintering treatment. At the so-gel stage, M5+ 
mono-doped or (N3-, M5+) co-doped amorphous TiO2 or their hydroxides was prepared 
firstly. The subsequent post-sintering treatment at high temperature and N2/NH3 
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atmosphere not only induced the crystallization of mono-doped/co-doped TiO2 but also 
further incorporated N3- ions into M5+ mono-doped TiO2. Though this method can also 
synthesize (N3-, M5+) co-doped TiO2 nanomaterials, two adverse effects are also caused 
simultaneously, that is, (1) the serious agglomeration of nanoparticles at high temperature; 
and (2) the surface doping of N3- ions due to their high temperature diffusion process. 
Furthermore, it is also not easy to experimentally control the doping ratios of N3- and M5+ 
co-dopants. 
In addition, other synthesis methods like magnetron sputtering, anodization, aerosol 
assisted chemical vapour deposition and others are also tried to prepared (N3-, M5+) co-
doped TiO2 films or nanotube arrays. These methods sometimes also need the post-
sintering treatment to dope N3- ions into the as-prepared M5- mono-doped TiO2 or require 
expensive sputtering instrument. The reports on these synthesis methods to prepare (N3-, 
M5+) co-doped TiO2 materials are thus few in contrast to that of hydrothermal or sol-gel 
methods. 
It can be further found from Table 1 that the normally achieved (N3-, M5+) co-doped TiO2 
materials show anatase and rutile crystal structures, but most of them are focused on co-
doped anatase TiO2. For example, in combination of solvothermal and post-sintering 
methods, (N3-, Ta5+) co-doped rutile TiO2 nanowires/nanorods were prepared by firstly 
achieving Ta5+ mono-doped rutile TiO2 nanowires/nanorods at the solvothermal reaction 
conditions and then further incorporating N3- ions through high-temperature nitridation. 
The synthesis of co-doped rutile TiO2 is more difficult than that of anatase one since it 
experimentally needs strong-acid or higher temperature conditions. On the other hand, 
the N3- and M5+ co-dopants normally act as the inhibitor of phase transition from anatase 
to rutile and thus lead to a higher difficulty to synthesize (N3-, M5+) co-doped rutile TiO2. 
Additionally, the loss of N3- ions at high temperature also technologically restricts the 
formation of co-doped rutile crystal structure. The measured bandgap of prepared (N3-, 
M5+) co-doped TiO2 ranges from 3.2 to 2.0 eV. Such a wide range is not only related to 
the used synthesis methods but also is related to “whether N3- ions are really co-doped 
into TiO2 with M
5+ ions.” At present, the assignment of “N3- dopant ions in materials” is 
technologically difficult given the tiny difference of N XPS peaks from N5+ to N3- ions 
and the N contamination on the nanomaterial surfaces. Furthermore, it is more difficult 
to distinguish “surface doping” or “bulk doping” just based on the characterization of 
XPS spectra since it can only detect the chemical information of material surface. It is 
thus understandable why many previous reports on (N3-, M5+) co-doped TiO2 only present   
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Table 1. The synthesis processes, characterized properties and VLC effects for (N3-, M5+) co-doped TiO2 materials (M=Nb, Ta and V). 
 
Co-dopant Synthesis Characterization VLC properties  
N3-+Nb5+ 
N source Nb source Ti source Method & condition N (at.%) Nb (at.%) Phase 
Bandga
p (eV) 
Shape 
Light 
source 
Dye 
(mg/L) 
VLCs 
(g/L) 
C/C0, (%) Ref 
NH4OH/ 
CH4N2O 
NbCl5 Ti(SO4)2 
Microwave-assisted 
hydrothermal 
15 
(nominal) 
10 (XPS) Anatase 3.1 NP (~9 nm) 
Halogen 
lamp (500 
W, > 400 
nm) 
H2O 0.4 100 umol/h 47 
C6H12N4 NbCl5 TiCl4 
Microwave-assisted 
hydrothermal     
(190 °C, 0.5 h) 
- 2 (EDX) Anatase 2.8 NP LED lamps 
NO 
(2ppm) 
- 31% 48 
NH3 NbCl5 C16H36O4Ti 
Sol-gel & Post-
sintering 
(500 °C, 5 h, NH3) 
- 
1-33.3 
(nominal) 
Anatase 2.0 NP (20 nm) 
Xe lamp 
(150 W, 
AM 1.5G 
filter) 
MB 
(40) 
- 7@120 min 49,50 
NH3 NbCl5 C16H36O4Ti 
Sol-gel & Post-
sintering              
(500 °C, 5 h, NH3) 
0.2 (XPS) 25 (XPS) Anatase 2.2 NP (20 nm) 
Xe lamp 
(150 W, 
AM 1.5G 
filter) 
H2O 1 7umol/h 51 
NH3 Ti1-xNbx Ti1-xNbx 
Anodization & Post-
sintering              
(450 °C, 0.5 h,NH3) 
8.2 (XPS) 
10 
(nominal) 
Anatase 2.8 NTA 
Halogen 
lamp (3.0 
mW/cm2, > 
400 nm) 
MB (2) - 12 @ 120 min 52 
NH3 
(NH4)[(Nb
OF4)(NbF7)
2] 
Ti foil 
Anodization & Post-
sintering             
(550 °C, 2 h, NH3) 
6.9 (XPS) 4 (bulk) Anatase - NTA 
Oriel 
EmArc 
(200 W) 
- - - 53 
13 
 
NH4OH & 
HNO3 
NbCl5 C12H28O4Ti 
Sol-gel & Post-
sintering             
(400 °C, 3h, air) 
- 0.5 Anatase 3.0 NP 
Xe lamp 
(300 W, > 
420 nm) 
4-CP 1 0 @ 120 min 54 
C4H11N 
C10H15O5N
b 
C12H28O4Ti 
Aerosol assisted 
chemical vapour 
deposition 
0.06-0.09 
(XPS) 
2-10 
(XPS) 
Anatase 2.4-3.5 Films - - - - 55 
N3-+ Ta5+ 
CH4N2O TaCl5 C16H36O4Ti 
Sol-gel & Post-
sintering             
(500 °C, 1 h, air) 
13.4 (XPS) 
12.8 
(XPS) 
Anatase 2.7 NP 
Xe lamp 
(500 W, > 
420 nm) 
MB (5) 1 32@240min 56 
NH4OH Ta C12H28O4Ti 
Hydrothermal & 
Post-sintering     
(300 °C, 1 h, air) 
1.7 (XPS) 
0.29 
(XPS) 
Anatase 2.8 NP (20 nm) 
Hg-Xe 
lamp (500 
W, > 420 
nm) 
MB (5) 3 7@180min 57 
N2 
(Ta2O5)0.01(
TiO2)0.99 
Ti & 
(Ta2O5)0.01 
(TiO2)0.99  
Magnetron 
sputtering (400 °C) 
0.5-0.6 
(XPS) 
2.3-1.3 
(XPS) 
Anatase 3.1-3.2 Film 
Xe lamp 
(420 nm to 
500 nm) 
Oleic 
acid 
- 11@120 min 58 
NH3 C15H35O5Ta TiCl4 
Solvothermal & 
Post-sintering     
(500 °C, 2 h, NH3) 
- 
0.29 
(XPS) 
Rutile - NW 
visible light 
(>420 nm) 
- - - 59 
NH3 C10H25O5Ta C12H28O4Ti 
Microwave-assisted 
solvothermal & 
post-sintering     
(350 °C, 1 h, NH3) 
- - rutile  NR 
Xe lamp 
(500 W, > 
420 nm) 
H2O 0.5 0.7 umol/h 60 
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N3++V5+ 
C6H15N NH4VO3 C16H36O4Ti 
Sol-gel & Post-
sintering             
(450 °C, 2 h, air) 
4 (nominal) 
2 
(nominal) 
Anatase 2.3 NP (7nm) 
Xe lamp 
(150 W, 
15cm) 
RhB 
(95.8) 
0.29 0@60min 61 
C6H15NO3 NH4VO3 Ti(SO4)2 
Two-step 
hydrothermal     
(180 °C, 22h) 
3.12 (XPS) 
1.0 (ICP) 
0.5(XPS) 
Anatase 2.5 NP (13 nm) 
Xe lamp 
(400 W, > 
400 nm) 
PCP-
Na 
(20) 
0.4 20@275 min 62 
C6H15N V
4+ C16H36O4Ti 
Two-step 
hydrothermal     
(180 °C, 22h) 
- - Anatase 2.8 NP (5 nm) 
Xe lamp 
(400W, > 
400 nm) 
MB 
(1.6) 
- 80@275 min 63 
NH4VO3 or 
NH3OH 
NH4VO3 
TiO2 
nanotubes 
Hydrothermal     
(180 °C, 12 h) 
2.97 (XPS) 
20 
(nominal) 
Anatase - NP (11 nm) 
Xe lamp 
(300W, > 
420 nm) 
MO 
(3.3) 
- 54@300 min 64 
NH4VO3 NH4VO3 N-TiO2 
Hydrothermal     
(180 °C, 5 h) 
3.4 (XPS) 
4.2 
(XPS) 
Anatase 2.3 NTA 
Hg lamp 
(300 W, > 
420 nm) 
CO2 - 64.5 ppm/h·cm 65 
C6H15N NH4VO3 C16H36O4Ti 
Sol-gel & 
Hydrothermal    
(180 °C, 20 h) 
0.62 (XPS) 
2 
(nominal) 
Anatase 2.5 NP 
Halide 
lamp (400 
W, 420nm) 
CAP 
(25) 
1 325x10-4 min-1 66 
Note: in the Table 1, NP: nanoparticle; NTA: nanotube array; NW: nanowire; NR: nanorod; RhB: Rhodamine B; MB: methylene blue; 4-CP: 4-
chlorophenol; MB: methylene blue; MO: methylene orange; PCP-Na: sodium pentachlorophenate; and CAP: chloramphenicol. 
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the nominal N3- doping concentrations or even do not discuss it at all. However, the 
analysis of chemical compositions is fundamental to further investigate the material 
performances. The unbalanced ratio of N3- and M5+ co-dopants tends to introduce the 
disadvantages of N3- or M5+ mono-doping into TiO2 materials and questions whether the 
observed light absorption behaviours or visible light catalytic effects are really related to 
N3-and M5+ co-doping. Therefore, it is completely necessary to quantitatively analyse the 
chemical compositions of (N3-, M5+) co-doped TiO2 through different technical 
instruments including TGA-DSC, N-O determinator, XPS and others in order to confirm 
that (1) the N3- dopants are really co-doped into TiO2 crystal structures with M
5+ ions; (2) 
how many N3- dopants exist in host TiO2 materials; (3) whether N
3- and M5+ co-dopants 
are equal to avoid the adverse effects of their mono-doping; and (4) whether N3- and M5+ 
co-dopants have been coupled together to significantly enhance visible light catalytic 
properties.  
In contrast to (N3-, Nb5+) or (N3-, Ta5+) co-doping, it is found that V5+ and V4+ (V3+) ions 
almost co-exist in all prepared (N3-, V5+) co-doped TiO2. Though the real reasons for the 
easy change of chemical valences of V5+ ions are still not clear to date, V is not an 
appropriate dopant in the design and development of (N3-, M5+) co-doped TiO2. By 
contrast, Nb5+ and Ta5+ dopants are chemically stable at almost all the reported synthesis 
conditions. They are thus appropriate M5+ ions for co-doping with N3- ions. 
The decomposition of dyes was characterized under visible light illumination to 
demonstrate the VLC efficiency of (N3-, M5+) co-doped TiO2. The decomposition rate 
(C/C0) changes a lot among different researcher groups. This is not only caused by the 
intrinsic features of prepared (N3-, M5+) co-doped TiO2 materials but also is related to the 
detailed experimental setup or operation (e.g. the used light sources, the measured dye 
concentrations and types, the added VLC amount, the added concentrations of 
photocatalysts or dyes etc.). In addition to the decomposition of dyes using these (N3-, 
M5+) co-doped TiO2 photocatalysts, water splitting experiments were also conducted 
occasionally. It is still hard to compare the photocatalytic efficiency of different VLCs 
prepared by different researchers for generating hydrogen. However, the generally 
accepted viewpoint is that (N3-, M5+) co-doping is more efficient in the enhancement of 
VLC properties in contrast to N3- or M5+ mono-doping.  
In summary, N3- and M5+ co-dopants would bind together in their co-doped TiO2 host 
materials. The introduction of N3- and M5+ co-dopants into TiO2 crystal structures are 
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critical to narrow the bandgap, remove the “trapping or recombination centres” of photo-
generated carriers, increase the doping levels of N3- ions, and thus enhance visible light 
catalytic properties. In contrast to Nb5+ and Ta5+ ions, the chemical valences of V5+ are 
too easy to change. It is thus better to select Nb5+ and Ta5+ as co-dopants of N3- ions. 
Given that the difficulty in comparing the experimental results achieved by different 
research groups, the standard photocatalytic procedures and conditions should be 
proposed, and accurate chemical compositions should be determined by all researchers. 
Based on the overall considerations on the recent progress of (N3-, M5+) co-doped TiO2 
materials and the existed problems in the current research field of visible light catalysts, 
(N3-, Nb5+) co-doped TiO2 nanocrystals are taken as an example and further investigated 
from the different aspects of local defect structure, chemical synthesis methods and 
associated visible light catalytic performances. 
1.3.2.2 Defects in (M3+, M5+) co-doped TiO2 for dielectric properties 
 
Figure 4. Structure of the In and Nb defect complexes. a,b, Ball-and-stick illustration of 
the triangular 2In3+-VO-Ti
3+ (a) and diamond 2Nb5+-Ti3+-ATi (b) complexes common to 
stable (Nb +In) co-doped TiO2. Unlabelled atoms are Ti
4+ (yellow) and O (red). The 
triangle- and diamond- shaped motifs are sketched with dashed lines.19 
Novel materials, which simultaneously possess colossal permittivity (CP), low dielectric 
loss (tan), excellent temperature- (T) and frequency- (F) stability, are ideal for the future 
development of modern microelectronics as well as the industrial manufacture of high-
energy-density storage devices. Our previous work on (In3++Nb5+) co-doped rutile TiO2 
ceramics not only provided a new type of materials with CP>104, loss tan0.05 and 
nearly complete independence of T or F in the measurement range, but also proposed a 
new mechanism of electron-pinned defect dipoles to explain this abnormal dielectric 
behavior.19 
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Figure 5, The reported dielectric properties of (In3++Nb5+) co-doped rutile TiO2 materials 
measured at 1kHz, room temperature and 0V bias in the references.19, 68-75 It shows that 
dielectric constants and dielectric loss change broadly.  
Figure 5 shows the experimental data of dielectric constant (r) and dielectric loss of 
(In3++Nb5+) co-doped rutile TiO2 measured at 1 kHz, 0 V bias and room temperature 
conditions, summarized from the published references.19, 68-75 It can be seen that the  
achieved r covers from 2000 to 80000 while loss tan spans from 0.005 to 0.07. If 
the dielectric spectra in the measured frequency and temperature range are further 
compared, the discrepancy of r or loss tan becomes more obvious among different 
research groups. 
Due to the obvious difference in experimental results, various mechanisms, which include 
electron-pinned defect dipoles (EPDD), internal barrier layer capacitance (IBLC), surface 
barrier layer capacitance (SBLC) and others, are now proposed to explain their measured 
dielectric phenomena. The debate on the origin of CP in co-doped TiO2 is still in progress 
and the intrinsic reasons why there are so large changes for dielectric properties is still 
unclear. Since creating the designated defect clusters in materials is highly sensitive to 
their compositions, the synthetic conditions and experimental process etc., it is possible 
to introduce different defect species or defect structures into host TiO2 and thus result in 
the change of dielectric properties/mechanisms. For example, just using smaller Al3+ ions 
to substitute the larger In3+ ions, the prepared (Al3++Nb5+) co-doped rutile TiO2 presents 
different macroscopic behaviours and local defect structures in contrast to (In3++Nb5+) 
co-doping.82 Figure 6 shows the gradient distribution of chemical compositions (Ti3+ and 
O2- ions) and the inter-grown, intermediate, metal ion rich structure formed in (Al3++Nb5+) 
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co-doped rutile TiO2 ceramics. In addition, the presence of Ti
3+ ions even in un-doped 
TiO2 makes it more difficult to control their doping concentration experimentally. The 
additional Ti3+ ions will generate free electrons and lower the resistivity of co-doped rutile 
TiO2-based materials. It is thus important to tune the technological parameters to really 
achieve the designed local defect structures.  
 
Figure 6, The gradient distribution of chemical compositions (Ti3+ and O2- ions) and the 
inter-grown, intermediate, metal ion rich structure in (Al, Nb) co-doped rutile TiO2 
ceramics.82 
Given that the electrode materials used in the fabrication of ceramic capacitors are 
normally composed of cheap metals like Ni, Al or related alloys, these cheap metals have 
lower melting point of below 1200 °C. However, the current sintering temperatures of 
(In3++Nb5+) co-doped rutile TiO2 ceramics are generally around 1400 °C. It also restricts 
the large-scale commercialization of this novel material in the preparation of single-
/multi-layer ceramic capacitors. In order to lower the sintering temperature of (In3++Nb5+) 
co-doped rutile TiO2 ceramics, one efficient route is to directly use (In
3++Nb5+) co-doped 
TiO2 nanocrystals as raw materials. Due to the size-effect of nanomaterials, the sintering 
temperature of (In3++Nb5+) co-doped rutile TiO2 ceramics is expected to be lowered 
below the melting point of electrode materials. To our best knowledge, there is no report 
on the synthesis of (In3++Nb5+) co-doped TiO2 nanocrystals. The difficulty perhaps lies 
in how to efficiently introduce so large In3+ ions into TiO2 nanocrystals.  
In summary, the introduction of M3+ and M5+ co-dopants into rutile TiO2 can significantly 
change the dielectric properties of host TiO2 materials due to the introduction of local 
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defect structures. Based on the potential and broad applications of (In3++Nb5+) co-doped 
TiO2 in the fabrication of ceramic capacitors, the development of their nanopowders is 
thus inevitable to further solve the difficulty in their commercialized manufacture. 
(In3++Nb5+) co-doped anatase TiO2 nanocrystals are thus synthesized in this thesis project. 
The local defect structure caused by In3+, Nb5+ co-dopants, the resultant Ti3+ and VO are 
investigated in the anatase crystal structure. Furthermore, the high-pressure reaction 
behaviour of these nanopowders are also studied by in-situ Raman spectroscopy. 
1.4 Motivation and outline of the thesis 
The topic of this dissertation is to develop multifunctional TiO2-based nanocrystals for 
various realistic applications through local defect structure design in combination with 
the exploration of chemical synthesis methods and associated properties. Based on local 
defect structure design in materials, the physicochemical properties of TiO2-based 
nanocrystals, for instance, their visible light catalytic properties, their dielectric properties, 
their high-pressure reaction behaviours and others are expected to be controllably tuned. 
As an efficient technological route to deliberately design local defect structures in TiO2-
based materials, ionic co-doping including cation-cation and cation-anion co-doping is 
investigated. The chemical synthesis methods used to introduce co-dopant ions into TiO2 
nanocrystals are mainly focused on solvothermal reaction in this thesis since (1) it can 
directly synthesize ions co-doped TiO2 nanocrystals without any post-treatment process; 
(2) it can easily control the shape and particle size of achieved nanomaterials; (3) it can 
guarantee the homogeneous distribution and reaction of host and co-dopant ions in the 
whole reaction system. The ions co-doped TiO2 nanocrystals synthesized thereof are then 
characterized by different measurement instruments including XRD, XPS, ICP-OES, 
SEM-EDS, (HR) TEM, Raman spectroscopy, abreacted-correction HADDF-STEM and 
others in order to show the intrinsic properties of the synthesized co-doped nanocrystals. 
Their photocatalytic properties, high-pressure reaction behaviours and dielectric 
properties are also investigated. 
Firstly, the gradual exhaustion of non-renewable resources has motivated researchers to 
investigate a wide range of materials for the highly efficient utilization of clean and 
renewable solar energy. Among these materials, visible light catalysts (VLCs) are vital 
and ideal for photo-degradation, dye-sensitized solar cells, hydrogen generation from 
water as well as organic synthesis with the potential to convert more than ~45% of 
sunlight to chemical or electrical energy. As the third generation of photocatalysts, ions 
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co-doped TiO2-based nanocrystals attract much research and industry interest. Based on 
local defect structure design, it is found that the simultaneous introduction of (N3-, Nb5+) 
ions into anatase TiO2 crystal structures will locally form N
3--Nb5+ defect pairs. These 
defect pairs can efficiently enhance visible light catalytic activation through narrowing 
the bandgap of TiO2 and reducing the recombination centres of photo-excited carriers. 
Technologically, a solvothermal reaction route is designed to generate the expected N3--
Nb5+ defect pairs in TiO2 crystal structure. Experimental and theoretical investigations 
also demonstrate the emergent behaviour of locally forming defect-pair structure for the 
preparation of high-efficient visible light catalysts. 
Secondly, anatase TiO2 nanocrystals containing (N
3-, Ti3+) ions are synthesized at the 
similar reaction conditions as that of (N3-, Nb5+) co-doped samples to further develop 
high-efficient visible light catalysts. It is found that the presence of Ti3+ ions can increase 
the doping levels of difficult-dopant N3- ions. These two ions and resultant oxygen 
vacancies will integrate together to locally form Ti3+-VO-2Ti
4+-N3- defect clusters in TiO2 
crystal structure. Due to the introduction of local defect clusters, one mid-gap energy level 
is newly generated in the TiO2 bandgap and its location is determined by the associated 
defect structural models. These anatase TiO2 nanocrystals modified by Ti
3+-VO-2Ti
4+-N3- 
defect clusters also shows a high efficiency for the decomposition of Rhodamine B under 
only visible light illumination condition.  
Thirdly, (In3+, Nb5+) co-doped anatase TiO2 nanocrystals are synthesized in order to solve 
the current difficulty of higher sintering temperature facing the preparation of TiO2-based 
ceramic capacitors designed in terms of electron-pinned defect dipoles mechanism. 
Experimentally, the doping mechanisms of difficult-dopant In3+ ions and easy-dopant 
Nb5+ ions are investigated. It is found that the dual mechanisms of nucleation and 
diffusion doping are responsible for the synergistic incorporation of these two co-dopant 
ions. Theoretically, it is evidenced that the local defect structures created by the 
introduced In3+, Nb5+ co-dopants, the resultant Ti3+ and VO
 ••  are composed of both 
2InTi
' +VO
 ••+TiTi
'
+NbTi
•
 defect clusters and equivalent TiTi
 ' 
+NbTi
•
 defect pairs.  
Finally, the high pressure reaction behaviour of the synthesized (In3+, Nb5+) co-doped 
anatase TiO2 nanocrystals is investigated by in situ Raman spectroscopy. Due to the 
introduction of local defect-cluster and defect-pair structures, it is found that these co-
doped anatase TiO2 nanocrystals possess an abnormal trans-regime structural transition. 
Through the high pressure reaction, the baddeleyite- and α-PbO2-like metastable 
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polymorphic phases of TiO2 materials are synthesized thereof. In addition, these small 
nanocrystals are demonstrated to enable lowering the sintering temperature of related 
ceramics to about 1100 °C and thus conquers the technological bottleneck facing the 
preparation of ceramic capacitors using this type of material.    
This thesis is composed of the following chapters: 
Chapter 1 is an introduction to the relevant background information of this thesis. 
Chapter 2 is a summary of the used experimental and characterization methods of this 
thesis. 
Chapter 3 shows the major publications from this thesis including 5 peer-reviewed 
journal articles. Additional data used for the supporting information of these publications 
have also been attached to related papers. 
Chapter 4 summarizes the main achievements during the PhD research project and 
prospects the potential continuing work for future investigations.  
Chapter 5 lists the publications, patents and conference presentations.  
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Chapter 2.   Experiment and Characterization 
2.1 Chemicals 
Chemicals used in this thesis project are overviewed and listed in Table 2. The selected 
titanium source is liquid titanium tetrachloride (TiCl4) with the molar mass (M) of 189.7 
g/mol. Niobium(Ѵ) chloride (NbCl5, M=270.2 g/mol) is mainly used as one niobium 
source. Since the two chemicals are very sensitive to humidity, their operation is proposed 
in a N2 glove box or through a Schlenk line. Indium(Ш) nitrate [In(NO3)3, M=300.8 g/mol] 
and indium(III) acetate [In(C2H3O2)3, M=292.0 g/mol] are used as the indium source. 
Nitric acid (HNO3, M=63.0 g/mol) and ammonia water (NH4OH, M=35.0 g/mol) are 
respectively used as the nitrogen source. The used solvent is mainly focused on ethanol. 
According to the chemical compositions of co-doped materials, different 
volumes/weights of chemicals are added experimentally. 
Table 2. The detailed information of chemicals used in this thesis project including their 
chemical formula, CAS number, molar mass, states and producers. 
Reactants Chemical 
Formula 
CAS number  Molar mass  
(g/mol) 
States Producers 
Ethanol CH3CH2OH 64-17-5 46.1 Liquid EMD Millipore 
Corporation 
Titanium 
tetrachloride 
TiCl4 7550-45-0 189.7 Liquid Sigma-Aldrich 
Indium(Ш) 
nitrate 
In(NO3)3 207398-97-8 300.8 Solid Alfa Aesar 
Indium(III) 
acetate 
In(C2H3O2)3 25114-58-3 292.0 Solid Alfa Aesar 
Niobium(Ѵ) 
chloride 
NbCl5 10026-12-7 270.2 Solid Alfa Aesar 
Nitric Acid HNO3 7697-37-2 63.0 Liquid Ajax Finechem 
Pty Ltd 
Ammonia 
Water 
NH4OH 1336-21-6 35.0 Liquid APS Finechem 
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2.2 Synthesis process 
A solvothermal reaction route is designed to synthesize ions [e.g. (In3+, Nb5+), (N3-, Nb5+) 
and (N3-, Ti3+)] co-doped anatase TiO2 nanocrystals. The experimental flowing chart is 
presented in Figure 7. It is mainly categorized into three steps: (1) the homogeneous 
mixing of used chemicals in ethanol solvent to form one transparent solution; (2) the 
reaction of this transparent solution in autoclaves at scheduled temperature and period; 
(3) the collection of solvothermal products by centrifuging, washing and drying post-
treatment process. 
 
Figure 7, The experimental flowing chart for synthesizing (In3+, Nb5+), (N3-, Nb5+) and 
(N3-, Ti3+) co-doped anatase TiO2 nanocrystals.   
For example, to prepare (In3+, Nb5+) co-doped nanocrystals with the doping concertation 
of 4.6 at% of each dopant ion, 0.68 mL TiCl4, 0.092 g NbCl5 and 1.6406 g In(C2H3O2)3 
were separately added into 120 mL ethanol solvent to form one transparent solution. This 
transparent solution was firstly stirred at room temperature for 2 hours and then 
transferred into an autoclave with the inner volume of about 200 mL. After the sealed 
autoclave was heated to 200 °C and kept at this temperature for 14 h, the solid product 
[i.e. (In3+, Nb5+) co-doped anatase TiO2 nanocrystals] formed in the solution was 
centrifuged, washed with ethanol and distilled water, and finally dried at 60 °C for 12 h. 
Replacing the added In(C2H3O2)3 by concentrated HNO3 (69%), (N3-, Nb5+) co-doped 
anatase TiO2 nanocrystals were synthesized following the similar process as the 
preparation of (In3+, Nb5+) co-doped TiO2. Typically, TiCl4 (0.68 mL) and NbCl5 (0.092 
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g) were first added into ethanol (120 mL) solvent to form a transparent solution under 
magnetically stirring. HNO3 with different volumes were then added into the transparent 
solution in order to effectively introduce nitrogen sources into the reaction solution. After 
the above mixture was stirred for two hours at room temperature, it was transferred into 
an autoclave with an inner volume of about 200 mL. The autoclave was sealed and heated 
at 200 °C for 12 h in an oven. When the autoclave cooled down to room temperature, the 
solvothermal product synthesized in the reaction solution [i.e., (N3-, Nb5+) co-doped 
anatase TiO2 nanocrystals] was separated by a centrifuge (20,000 rounds per minute), 
washed with ethanol (distilled water) for five times and finally dried at 60 °C for 12 h.  
Further removing the added NbCl5 from the receipe of synthesizing (N3-, Nb5+) co-doped 
anatase TiO2 nanocrystals, (N3-, Ti3+) co-contained anatase TiO2 nanocrystals can be also 
prepared by the similar solvothermal reaction route. However, due to the possible 
explosion of mixing ethanol and nitric acid, the volume of ethanol should be far more 
than that of concentrated HNO3, and only the latter can be added into the former under 
magnetically stirring in order to effectively prevent their too vigorous chemical reaction. 
2.3 Material characterization 
2.3.1 Structural characterization  
An X-ray diffractometer and a Raman spectroscopy were used to determine the crystal 
structure of synthesized solvothermal products. Through these two instruments, it can be 
judged whether the synthesized samples are pure phase and whether dopant or co-dopant 
ions have been incorporated into host materials. The regular changes of their related peaks 
will then confirm the possible “real” doping or co-doping. 
X-ray Powder Diffraction. Powder X-ray diffraction patterns (XRD) of the synthesized 
ions co-doped/co-contained TiO2 nanocrystals were characterized using a PANalytical’s 
X-ray diffractometer with CuK radiation. The applied voltage of X-ray diffractometer 
is 45 kV and the current is 40 mA. The setup step size is 0.013° and the time per step is 
300s. The total scanning time in the range of 5° to 100° takes about 2 hours for each 
sample. Refining the collected XRD patterns through the JANA 2006 software, the 
average structural information of prepared solvothermal products including their phases, 
lattice parameters and others can be confirmed. In addition, the average crystallite sizes 
can be obtained by the calculation of Scherrer equation 𝐷 =
𝐾𝜆
𝛽𝑐𝑜𝑠𝜃
. In this equation,  
represents the Bragg angles and  is the line broadening at half the maximum intensity. 
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D is the average crystallite size; λ is the X-ray wavelength of CuK radiation (0.15418 
nm); and K is a dimensionless shape factor. 
Raman Spectroscopy. Raman spectroscopy (a Renishaw Raman System using 532 nm 
laser) is a spectroscopic technique based on the principle of inelastic scattering of 
monochromatic light usually from a laser source. It can identify molecules and study 
chemical bonding of materials as structural fingerprint through different vibrational, 
rotational, and other low-frequency modes. Through analysing the different Raman active 
modes, the phase structure of samples and the possible defects can be demonstrated.  
2.3.2 Chemical composition and chemical valence analysis 
Given the difficulty in the quantitative analysis of N3- ions, three different analytical 
instruments were used in this project. X-ray photoelectron spectroscopy is used to analyse 
the chemical valences and doping levels of N element nearing the sample surfaces. A 
thermogravimetric analysis equipment is used to detect the thermal decomposition 
behaviours of solvothermal products under gradually heating conditions, thus confirming 
the doping concentrations of N3- ions. In addition, Nitrogen/Oxygen determinator is 
specially used to determine the N concentrations by immediately heating the samples to 
high temperatures of about 2000 °C in 2-5 seconds. It provides the total doping 
concentrations of N element in samples. Further analysing the measurement results from 
the above three different methods, an acceptable doping level of N3- ions can be achieved, 
and the debates on “surface doping” or “bulk doping” can be solved. 
X-ray Photoelectron Spectroscopy. X-ray photoelectron spectroscopy (XPS, Thermo- 
ESCALAB250Xi) is a surface-sensitive quantitative spectroscopic technique to analyse 
the surface chemistry of a material including elemental compositions at the parts per 
thousand range, chemical valences of the elements that exists within materials and others. 
Here, XPS is used to confirm the chemical valences and chemical compositions of In, Nb, 
N and Ti elements.  
Thermogravimetric Analysis. Thermogravimetric analysis (TGA, STA 8000 of 
PerkinElmer) is a method of thermal analysis to present the changes of physical and 
chemical properties of materials with increasing temperatures or prolonging reaction 
time. It is commonly used to determine the mass loss or gain of samples due to the 
decomposition, oxidation, or the loss of volatiles. It is thus here used to analyse the doping 
level of N ions and the decomposition behaviour of samples at high temperature. 
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Nitrogen/Oxygen Determinator. Nitrogen/Oxygen determinator (N/O determinator, TC-
600) is one instrument to particularly analyse nitrogen and oxygen elements in materials. 
It is thus used to analyse the doping concentration of N ions through evaporate all nitrogen 
ions in samples.   
To determine the doping levels of metal ions including In3+, Nb5+ or Ti4+/Ti3+, scanning 
electron microscope attached with energy dispersive X-ray spectroscopy and inductively 
coupled plasma optical emission spectrometry are used in this project. The detailed 
characterization process, the used instrument information and the required samples are 
described below. 
Scanning Electron Microscope. A Hitachi 4300 SEM attached with an energy dispersive 
X-ray spectroscopy (EDS) was used to quantitatively analyse the chemical compositions 
at selected spots or areas of the samples. Prior to EDS measurements, the synthesized 
anatase nanopowders were firstly pressed into pellets and then sintered at 1400 °C for 20 
h in order to achieve dense ceramic pellets. Subsequently, the ceramic pellets were 
polished to obtain smooth surfaces, and coated with carbon to avoid possible discharging. 
Inductively Coupled Plasma Optical Emission Spectrometry. Inductively coupled 
plasma optical emission spectrometry (ICP-OES) is an analytical technique used for the 
detection of trace metals. Since ICP-OES has a high accuracy for the quantitative analysis 
of trace elements in samples, it is used to quantitatively characterize the doping 
concentrations of dopant ions including In, Nb and Ti in the synthesized co-doped TiO2 
nanocrystals. Furthermore, the analytical results of ICP-OES are also compared with that 
of SEM-EDS. It is found that the measured In and Nb doping concentrations achieved by 
the two different analysis methods are consistent to each other. 
Besides XPS for the chemical valence analysis, electron paramagnetic resonance 
spectroscopy is further used to confirm the presence Ti3+ ions.  
Electron Paramagnetic Resonance Spectroscopy. Electron paramagnetic resonance 
spectroscopy (EPR, a Bruker ER200D spectrometer) is a magnetic resonance method to 
detect unpaired electrons in materials. Since Ti3+ ions have unpaired electrons, they are 
easily to be distinguished from the EPR measurement. In this thesis project, EPR is thus 
used to demonstrate the presence of Ti3+ ions and its analytical result is consistent to that 
of XPS. 
2.3.3 Morphological characterization and element mapping 
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To determine the particle shape and size of synthesized solvothermal products, field-
emission scanning electron microscope and high-resolution transmission electron 
microscopy were used. Through the two technical tools, it can be also confirmed whether 
the synthesized samples contain possible impurities and whether the dopants/co-dopants 
are homogeneously distributed in nanocrystals. 
Field-emission scanning electron microscope. Field-emission scanning electron 
microscope (FESEM, Zeiss-UltraPlus with an operating voltage of 15 kV) was used to 
characterize the morphologies and particle sizes of the ions co-doped TiO2 nanocrystals 
synthesized experimentally in this thesis project. 
Transmission Electron Microscopy. High-resolution transmission electron microscopy 
(HRTEM, JEOL-2100F) and aberration-corrected high-angle annular dark-field scanning 
transmission electron microscopy (HAADF-STEM, Double-corrected FEI Titan3 80-300 
FEGTEM) were used to characterize the microscopic morphologies and co-doped 
information of synthesized ions co-doped TiO2 nanocrystals. In particular, the HAADF-
STEM imaging is highly sensitive to related variations of the atomic numbers in samples 
and thus can demonstrate whether co-dopant ions are “really doped” into the crystal 
structure of host TiO2 nanomaterials. 
2.3.4 Other characterizations 
The light absorption behaviour and bandgap of solvothermal products were characterized 
by UV-Vis-NIR spectrophotometer; the chemical groups chemically or physically 
binding on sample surfaces were analysed by Fourier transform infrared spectroscopy; 
and the specific surface area of prepared nanocrystals was measured by Brunauer-
Emmett-Teller instrument. 
UV-Vis-NIR spectrophotometer. UV-Vis-NIR spectrophotometer (Varian, Cary 5G) is 
an instrument which measures the reflection or absorbance optical characteristics of 
materials. It is used to measure the optical absorption behaviours of the synthesized co-
doped nanocrystals, and thus used to determines their bandgaps. It is also used to evaluate 
the catalytic effects of prepared TiO2-based photocatalysts by measuring the 
decomposition of dyes (e.g. Rhodamine B, methylene blue or methylene orange etc.) 
under visible light illumination.  
Fourier transform infrared spectroscopy. Fourier transform infrared spectroscopy (FT-
IR, PerkinElmer) is a technique which is used to obtain an infrared spectrum of absorption 
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or emission of a solid, liquid or gas. It is thus used to analyse organic groups adsorbed on 
the surfaces of synthesized nanocrystals. The result of FT-IR is then connected with that 
of TGA to further confirm the heat-decomposition behaviour of the prepared ions co-
doped TiO2 nanocrystals. 
B.E.T. instrument. Brunauer-Emmett-Teller instrument (B.E.T. QuadraSorb SI-MP) is 
applied in this research project to determine the specific surface area of synthesized 
nanoparticles. Prior to the measurement, the samples were degassed in vacuum at 423 K 
for 8 hours. The nitrogen adsorption-desorption data were then recorded at liquid nitrogen 
temperature (77 K). The values are calculated through the equation  𝑆 =
(𝑉𝑚×𝐿𝑎𝑣×𝐴𝑀)
𝑊𝑡
. In 
this equation, “S” stands for the specific surface area of samples; “Vm” is the monolayer 
capacity; “ Lav” is the Avogadro’s number (6.022x1023); Am is the cross-sectional area 
(1.62x10-19 m2) and Wt is the molecular weight of N2 (28.013 g mol
-1).  
2.4 Measurement of visible light catalytic property 
Rhodamine B (RhB) was chosen as a model organic compound to evaluate the 
photocatalytic effects of our synthesized (N, Nb) co-doped anatase TiO2 nanocrystals. 
RhB solution (20 mg L-1) was prepared by mixing RhB (20 mg) with distilled water (1 
L). Then, (N, Nb) co-doped TiO2 photocatalysts were added into the RhB solution with a 
mass concentration of 1 g L-1. A 500 W Xe lamp with a 400 nm cut-off filter provided 
visible light irradiation for photocatalytic measurement. The resultant solution containing 
RhB and photocatalysts was stirred for 30 minutes in the dark to reach RhB adsorption 
equilibrium on the surfaces of (N, Nb) co-doped anatase TiO2 nanocrystals, after which 
the photocatalytic reaction was initiated by illumination (time=0). The decomposition of 
RhB was characterized by a UV-Vis spectrometer based on a typical RhB peak at 552 
nm.  
2.5 Measurement of high pressure reaction behaviour 
A diamond anvil cell with a cullet size of 400 µm was employed to investigate the high-
pressure behavior. A stainless steel gasket was indented to a thickness of 30 µm and a 200 
µm diameter hole was drilled at the center. It served as the sample chamber. (In3++Nb5+) 
co-doped anatase TiO2 nanopowders and two small ruby balls were loaded into the above 
chamber. The mixture of 4 parts of ethanol and one part of methanol were used as the 
pressure transmitting medium within the cell. The sample was carefully loaded to 46.2 
GPa in small steps. The pressure inside the diamond cell was determined by the pressure 
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dependent shift of the ruby fluorescence R1 line. In situ Raman measurements were taken 
using a Renishaw inVia Reflex Spectrometer System (532 nm laser). 
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Chapter 3. Major Publications 
3.1 The formation of defect-pairs for highly efficient visible-light catalysts 
I wrote the draft of this paper. I developed an approach for synthesizing (N3-, Nb5+) co-
doped TiO2 samples with different compositions. I characterized the related material 
properties using XRD, Raman spectroscopy, HRTEM, SEM/EDS, XPS, UV-VIS, N-O 
determinator, TGA-DSC and others. I also analysed the experimental results of DFT 
calculations performed by Terry J. Frankcombe and David Cortie, and the results of 
photocatalytic measurement conducted by Shaoyang Zhang. 
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3.2 Trans-regime structural transition of (In3++Nb5+) co-doped anatase TiO2 
nanocrystals under high pressure 
I wrote the draft of this paper. I synthesized the (In3++Nb5+) co-doped anatase TiO2 
nanocrystals and designed high pressure reaction experiments. I characterized the related 
samples using XRD, Raman spectroscopy, ICP-OES, HRTEM, SEM/EDS, XPS and 
others. I also analyzed the related results of DFT calculations performed by Terry J. 
Frankcombe and conducted high pressure reaction experiments with Larissa Q. Huston. 
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3.3 Bimetallic ions codoped nanocrystals: doping mechanism, defect formation, 
and associated structural transition 
I wrote the draft of this paper. I synthesized the (In3++Nb5+) co-doped anatase TiO2 
nanocrystals and designed high pressure reaction experiments. I systematically 
characterized the samples containing different co-doping levels using XRD, Raman 
spectroscopy, ICP-OES, HRTEM, SEM/EDS, XPS, HADDF-STEM and others. I also 
analyzed the related results of DFT calculations performed by Terry J. Frankcombe and 
conducted high pressure reaction experiments with Larissa Q. Huston. In addition, I also 
investigated the co-doping mechanisms for difficult-dopant In3+ and easy-dopants Nb5+ 
ions. 
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3.4 Highly efficient visible light catalysts driven by Ti3+-VO-2Ti4+-N3- defect clusters   
I wrote the draft of this paper. I developed an approach for synthesizing TiO2 samples 
containing N3- and Ti3+ ions. I characterized the related samples using XRD, Raman 
spectroscopy, HRTEM, SEM/EDS, XPS, UV-VIS, N-O determinator, TGA-DSC and 
others. I also analyzed the related results of DFT calculations performed by Terry J. 
Frankcombe and David Cortie, and the results of photocatalytic measurement conducted 
by Shaoyang Zhang. 
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Highly Efficient Visible Light Catalysts 
Driven by Ti3+-VO-2Ti
4+-N3- Defect Clusters 
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Chenf, Ray L. Withersa, Felipe Kremerf, Dehong Yuc, Frank Brinkf, Wensheng Shib and 
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b Technical Institute of Physics and Chemistry, Chinese Academy of Sciences, Beijing, 
100190, China. 
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Keywords: Defect cluster, Doping, TiO2, Visible light catalysts, Solvothermal reaction. 
Abstract. Local defect structures play significant roles on material properties, but they 
are seriously neglected in the design, synthesis, and development of highly efficient TiO2-
based visible light catalysts. Here, we take (Ti3+, N3-) co-doped anatase TiO2 nanocrystals 
with the complicated chemical formula of (Ti1-x
4+
Tix
3+
)(O2-y-z
2- Ny
3-☐z) as an example and 
point out that the formation of Ti3+-VO-2Ti
4+-N3- local defect clusters is a key missing 
step for significantly enhancing visible light catalytic properties of host TiO2 nanocrystals. 
Experimental and theoretical investigations also demonstrate the emergent behaviours of 
these intentionally introduced defect clusters for developing highly efficient visible light 
catalysts. This research thus not only provides highly efficient visible light catalysts for 
various practical applications but also addresses the significance of local defect structures 
                                                 
* Corresponding author: Professor Yun Liu; E-mail: yun.liu@anu.edu.au. 
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on modifying material properties.  
Introduction 
The development of highly efficient visible light catalysts (VLCs) can help to 
alleviate 
the serious environmental pollution and overcome the current energy crisis since 
they can directly harness visible light from the solar spectrum to drive a range of 
catalytic reactions such as generating hydrogen from water, degrading organic 
pollutants or removing hazardous chemicals in wastewater and air. To develop 
highly efficient TiO2-based VLCs, various strategies are attempted to date, for 
instance, cation/anion mono-doping,1,2 cation-cation/cation-anion/anion-anion co-
doping,3-5 noble metal element modifying6,7 as well as multi-compositional 
mixing.8,9 The former two chemically incorporate dopants or co-dopants into host 
TiO2 crystal structures while the latter two physically add another species on 
material surfaces. The improved VLC properties are then attributed to either the 
adjustment of the band structure of materials, or the generation of surface plasma 
resonance effects, or the introduction of secondary species themselves. Although 
these strategies represent a substantial progress in the research and development of 
TiO2-based VLCs, most of them are only active in a certain solar spectral region 
or only moderately improve VLC properties. 
More recent efforts for achieving highly efficient VLCs have been made on N3- 
mono-doped or Ti3+ self-doped TiO2 materials since it is generally believed that 
the hybridization of N 2p and O 2p, or Ti4+ 3d and Ti3+ 3d orbitals enables 
narrowing the bandgap, extending light absorption and thus enhancing VLC 
efficiency.1,10-14 However, the results are not consistent. Some researchers reported 
that N3- ions mono-doping or Ti3+ ions self-doping significantly enhanced VLC 
efficiency1,10-12 while others found that they were only slightly effective or even 
completely ineffective.13,14 Furthermore, the mechanisms underlying VLC effects 
are also ambiguous. The formation of isolated states between forbidden bands,14,15 
multiple light reflections from material hierarchical structures,12 the introduction 
of oxygen vacancies,13 the optical intragap absorption,5 as well as the appearance 
of a diamagnetic cluster16 were all suggested as potential mechanisms for those 
observed photocatalytic phenomena. From a structural perspective, N3- mono-
doping or Ti3+ self-doping will concurrently introduce oxygen vacancies into TiO2 
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for charge balance and then inevitably deteriorate photocatalytic performances 
through forming “recombination centres” to trap photo-excited carriers. To achieve 
higher VLC performances, special material structural designs, for example, lattice-
disorder engineering of nanocrystalline surfaces,10 deliberately surficial doping,12 
passivated co-doping,17 and compositional gradient distribution of dopant ions4 are 
normally further required and thus lead to a technological difficulty in their 
controllable preparation. 
Simultaneous incorporation of Ti3+ and N3- ions into TiO2 is an effective and promising 
way to prepare novel TiO2-based VLCs. This is because (1) additional cationic dopants 
are not involved in contrast to other (cation, N3-) co-doping methods; (2) N3- doping levels 
may be increased significantly by generating some synergistic effects with Ti3+ ions; (3) 
special material structural designs are not required to effectively separate photo-generated 
charge carriers; and (4) VLC performances of resultant materials can be enhanced 
exponentially compared to their respective mono-doping cases. Although the 
simultaneous introduction of Ti3+ and N3- into TiO2 has so many potential advantages, its 
chemical synthesis is still technologically difficult. Hydrogenation and nitridation co-
treatment of rutile TiO2 nanowire arrays,
18 calcination and subsequent vacuum activation 
of amorphous precipitates pre-prepared by a sol-gel technique,19  and direct solvothermal 
reaction synthesis using diethylentriamine as a nitrogen source20 were all attempted. 
These routes not only need complex experimental processes or long reaction periods but 
also result in a low N3- doping level (≤ 2at.%), a non-equivalent Ti3+/N3- ratio or an 
inhomogeneous distribution of Ti3+ and N3- ions. This leaves an uncertainty as to whether 
the improved photocatalytic activity is really determined or dominated by the introduction 
of Ti3+ and N3- ions. Our recent work on the development of highly efficient TiO2-based 
VLCs demonstrated the significance of introducing a high but equal concentration of (N3-, 
Nb5+) defect pairs for outstanding photocatalytic properties.21 This, in combination with 
our previous research on (In3+, Nb5+) and (Al3+, Nb5+) co-doped rutile TiO2 ceramics with 
excellent dielectric properties,22,23 suggests the complexity of ionic co-doping in 
structurally strongly correlated oxides. The introduced extrinsic ions may stay as isolated 
point defects in host materials and may also form defect-pairs or clusters coupled with 
the host ions and local crystal structures. The former presents an additive effect of point 
defects while the latter leads to significant synergistic behaviours. The defect formation 
strongly depends on the selection of extrinsic ions, the preparation conditions and the 
methods used for material synthesis.  
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Here, we strategically design a new approach to simultaneously incorporate Ti3+ and N3- 
ions into TiO2 with high and nearly equal concentrations for a real synergistic interaction 
between the introduced cations and anions. That is, Ti3+ and N3- ions are simultaneously 
introduced into TiO2 crystal structures under solvothermal reaction conditions using 
concentrated nitric acid as a nitrogen source, titanium tetrachloride as the initial source 
of Ti4+ and Ti3+ ions, and ethanol as solvent. The vigorous chemical reaction of 
concentrated nitric acid with ethanol not only releases significantly high energy to the 
reaction system but also yields the high N3- doping levels. This route also enables related 
chemical reactions to occur in a close, high pressure and relatively low temperature 
environment, directly achieves crystalline TiO2 materials, and effectively prevents 
nitrogen loss from unnecessary post-treatments. The solvothermal products synthesized 
thereof were then characterized as VLCs for purifying wastewater using Rhodamine B as 
a model pollutant. Density functional theory (DFT) calculations were performed to 
understand the observed photocatalytic effects and the related mechanisms arising from 
the formation of local defect clusters. This research demonstrates the importance of local 
defect structures on material performances and provides a novel route to design and 
develop visible light catalysts for highly efficient conversion of solar energy. 
MATERIALS AND METHODS  
(Ti3+, N3-) co-doped anatase TiO2 nanocrystals with the complex chemical formula of 
(Ti1-x
4+
Tix
3+
)(O2-y-z
2- Ny
3-☐z) were synthesized by a solvothermal method. In details, TiCl4 
(0.68 mL) was first added into ethanol (120 mL) solvent to form a transparent solution 
under magnetically stirring. Concentrated HNO3 (69%, 4 mL) were then added into the 
transparent solution in order to effectively introduce a nitrogen source into the reaction 
solution. After the above mixture was stirred for two hours at room temperature, it was 
transferred into an autoclave with an inner volume of about 200 mL. The autoclave was 
sealed and heated at 200 °C for 12 h in an oven. When the autoclave cooled down to room 
temperature, the solvothermal product synthesized in the reaction solution was separated 
by a centrifuge (20,000 rpm), washed with ethanol and distilled water for five times, and 
finally dried at 60 °C for 12 h. The optimized chemical compositions are x≈0.0381, 
y≈0.0305 and z≈0.0343, respectively [i.e. (Ti0.9619
4+
Ti0.0381
3+
)(O1.9352
2- N0.0305
3- ☐0.0343)]. Note: 
the volume of ethanol should be far more than that of concentrated HNO3 and only the 
latter can be slowly added into the former under magnetically stirring in order to 
effectively prevent their too vigorous reaction. 
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(Ti3+, N3-) co-doped anatase TiO2 nanocrystals synthesized thereof were analysed by X-
ray diffractometer (XRD, PANalytical’s X-ray diffractometer with CuKα radiation at the 
voltage of 45 V, the current of 40 mA, the step size of 0.013° as well as the time per step 
of 300s), high-resolution transmission electron microscope (HRTEM, JEOL-2100F at the 
acceleration voltage of 200 kV), and UV-Vis-NIR spectrophotometer (Varian, Cary 5G 
with the average time of 0.1s, the data interval of 1 nm and the scan rate of 600 nm per 
minute). The chemical valence and atomic percentage of N and Ti in the prepared 
nanocrystals were carefully analysed by X-ray photoelectron spectroscopy (XPS, Thermo 
ESCALAB250Xi) and electron paramagnetic resonance spectrometer (EPR, a Bruker 
ER200D spectrometer). Moreover, a Nitrogen/Oxygen (N/O) determinator (TC-600, 
LECO in Helium gas with the flowing velocity of 450 mL per minute) was also used to 
estimate the nitrogen doping levels. The thermogravimetric (TG) data were collected by 
STA 8000 (PerkinElmer) with a heating rate of 5 °C per minute in the flowing air (20 mL 
per minute) to understand the stability and doping concentrations of nitrogen in the 
samples. The specific surface area was measured through the Brunauer-Emmett-Teller 
(B.E.T.) method with a QuadraSorb SI-MP instrument. Prior to the measurement, the 
samples were degassed in vacuum at 423 K for 8 hours. The nitrogen adsorption-
desorption data were then recorded at a liquid nitrogen temperature (~77 K). In addition, 
organic groups on the surfaces of synthesized nanocrystals were carefully measured by a 
Fourier transform infrared spectroscopy (FT-IR, PerkinElmer) after the achieved samples 
were buried into KBr pellets. 
Rhodamine B (RhB) was chosen as a model organic compound to evaluate the 
photocatalytic activities of our synthesized (Ti3+, N3-) co-doped anatase TiO2 
nanocrystals. RhB solution (20 mg L-1) was prepared by mixing RhB (20 mg) with 
distilled water (1 L). Then, (Ti3+, N3-) co-doped TiO2 photocatalysts were added 
into the RhB solution with a mass concentration of 1 g L-1. A 500 W Xe lamp with 
a 400 nm cut-off filter provided visible light irradiation for photocatalytic 
measurement. The solution containing RhB and photocatalysts was stirred for 30 
minutes in dark to reach RhB adsorption/desorption equilibrium on the surfaces of 
synthesized anatase TiO2 nanocrystals, after which the photocatalytic reaction was 
initiated by illumination (time=0). The decomposition of RhB was characterized 
by a UV-Vis-NIR spectrometer based on a typical RhB peak at 552 nm. 
Projector-augmented wave (PAW) calculations were performed using the VASP 
code.24,25 A plane wave cutoff of 500 eV was used, with PAW potentials26 that treat 
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12, 6 and 5 electrons as valence for Ti, O and N, respectively. Hubbard corrections 
(DFT+U) were applied with effective U parameters of 7.4 eV for Ti d electrons 
and 5.4 eV for O and N p electrons. All calculations were spin polarised. Oxidation 
states were identified by examining angular momentum resolved spin densities in 
spheres centred on the nuclei. Calculations were performed on a 3×3×1 supercell 
of the anatase crystallographic unit cell (108 atoms).  A 2×2×2 Γ-centred k-point 
grid was used. The lattice was kept fixed at that optimised for pure anatase using 
the same computational procedure (a=3.8783 Å, c=9.7701 Å).  All results are 
reported for relaxed ionic positions with no constraints. After structural relaxation, 
the densities of electronic states were calculated using an accurate all-electron 
method as implemented in the WIEN2K software.27 Spin polarised calculations 
were performed to account for the local moment found on certain Ti atoms. The 
atomic sphere sizes were set to 1.85, 1.69 and 1.59 atomic units (A.U.) for Ti, O 
and N, respectively.  A 5x5x7 Γ-centred k-point grid was used. Owing to the large 
size of the supercell cell (71 unique atoms), the plane wave basis was constrained 
to the maximum value within available memory (RKMax=6.1). Convergence tests 
on smaller systems using RKMax between 6 and 8 indicate that the lower value is 
reasonable since the gap is accurate to within 0.1 eV. For the final electronic 
structure, calculations were made using the sophisticated modified-Becke-Johnson 
(mBJ) potential that allows a parameter-free method to accurately predict 
experimental bandgaps, which substantially improves on the Kohn-Shan bandgaps 
predicted by standard DFT methods.28 The optical absorption coefficient was then 
calculated using the joint density of states for both the spin-up and spin-down 
component, weighted by the respective dipole matrix elements.29 Only inter-band 
contributions were considered. The absorption coefficient was calculated from the 
real and imaginary dielectric constant of the Kramers-Kronig transformation. 
RESULTS AND DISCUSSION 
The XRD pattern of Figure 1a shows that the synthesized solvothermal products have an 
anatase phase with space group symmetry I41/amd. Their diffraction peaks are very broad, 
suggesting the feature of small particle sizes. The calculated results of the Scherrer 
equation30 further demonstrate this small feature of synthesized nanoparticles with an 
average crystal size of 7.7 nm (Supporting Information, SI-1), which is reasonably 
consistent to the estimated results of HRTEM lattice images (Figure 1b and SI-2). From 
the optical photograph in the insert of Figure 1a, we find that the synthesized 
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nanoparticles are pale yellow. This colour indicates the underlying visible light absorption 
(as discussed below). From a 〈111̅〉 oriented HRTEM lattice image (Figure 1b), it is found 
that the exposed crystal faces of synthesized nanocrystals are (011), (101) and (112) facets, 
respectively. In addition, these nanoparticles have a specific surface area of 122.7 m2/g 
in terms of the result of nitrogen absorption and desorption experiment (SI-3).  
The TGA curve in Figure 1c shows that the weight of synthesized nanoparticles firstly 
decreases (0.54 wt.%) as the temperature increases from 450 to 727 °C and then 
continuously increases (0.22 wt.%) in the temperature range of 727 and 1100 °C. Prior 
to 450 °C, their weight drops significantly (13.7 wt.%, SI-4). Such a large low 
temperature weight loss comes from the removal of physically adsorbed water and/or 
ethanol, chemically bonded hydroxyl and other organic groups, as confirmed by the FT-
IR spectroscopy (SI-5). The small weight loss at higher temperatures (450-727°C), 
however, should be related to the release of chemically doped nitrogen ions since (1) un-
doped TiO2 normally has no or negligible weight variation in this temperature range;
31-34 
and (2) organic groups chemically bonded on nanoparticle surfaces generally do not 
survive at such a high temperature. Meanwhile, a 0.54 wt.% nitrogen content 
corresponds to an atomic percentage of 3.05 at.% (i.e. y≈0.0305) and is in reasonable 
consistency with the measurement result of a Nitrogen/Oxygen determinator (2.99 at.%). 
Further XPS analysis also confirms the existence of N3- dopants through their N 1s XPS 
peak (Figure 1e). Above 727 °C, the 0.22 wt.% weight increase can be attributed to the 
incorporated oxygen ions at the initial lattice sites of oxygen vacancies or the newly 
formed positions due to nitrogen release. The O 1s XPS peak at 530.3 eV also reflects a 
lower oxygen content (1.9352) in contrast to the standard stoichiometric ratio 2 of un-
doped TiO2 (Figure 1f). This is consistent with the TGA results (Figure 1c) and suggests 
that oxygen vacancies are produced for charge balance (3.43 at.%, z≈0.0343). 
Additionally, we detect the XPS signal of Ti3+ ions with a concentration of 3.81 at.% 
(x≈0.0381, Figure 1d). The presence of Ti3+ ions is also confirmed by EPR (electron 
paramagnetic resonance, SI-6). It is thus evident that the nanocrystals have a chemical 
formula of (Ti0.9619
4+
Ti0.0381
3+
)(O1.9352
2- N0.0305
3- ☐0.0343). The slightly higher N
3- doping level 
achieved here than N3- mono-doping samples should benefit from the synergistic roles of 
Ti3+ ions and the designed solvothermal reaction route.  
Figure 2a shows the optical absorption spectra of 
(Ti0.9619
4+
Ti0.0381
3+
)(O1.9352
2- N0.0305
3- ☐0.0343) anatase nanocrystals. Their light absorption 
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range is very broad and covers the entire visible light regime from 400 nm to 800 
nm. Their bandgap calculated through the Tauc plot is 2.63 eV (the insert of 
Figure 2a) and becomes narrower than the previously reported (Ti3+, N3-) co-doped 
nanomaterials.18-20 These phenomena demonstrate the significance of introducing 
highly concentrated Ti3+ and N3- ions into TiO2 crystal structures. Visible light 
catalytic efficiency is then evaluated by measuring the decomposition rate of 
Rhodamine B (RhB), using a 500W Xe lamp with a cutoff wavelength of 400 nm. 
RhB is one type of potential carcinogen and cannot self-degrade under visible light 
irradiation (SI-7). It is also difficult to quickly decompose using the commercial 
P25-TiO2 photocatalysts (SI-7). The ( Ti0.9619
4+
Ti0.0381
3+
)( O1.9352
2- N0.0305
3- ☐0.0343 ) 
nanocrystals, however, show an excellent visible light catalytic activity (Figure 
2b). As seen, it only takes about 20 minutes to accomplish nearly complete 
decomposition after an initial adsorption/ desorption equilibrium in dark conditions 
(the adsorption amount of RhB is 10%, stabilizing within 30 minutes). They show 
a high catalytic efficiency and are about 13.4 times faster in contrast to P25 (Table 
1). It is thus claimed that the simultaneous introduction of Ti3+ and N3- ions is an 
effective strategy to improve the visible light catalytic activity of host TiO2 
materials. 
To understand the electronic structure of the 
(Ti0.9619
4+
Ti0.0381
3+
)(O1.9352
2- N0.0305
3- ☐0.0343 ) material or the potential mechanisms of 
their enhanced VLC performance, DFT calculations were performed using the 
VASP code in a 3×3×1 supercell. One O2- anion in the anatase TiO2 crystal 
structure was substituted by one N3- ion and an additional oxygen vacancy created 
in various configurations, giving a N3- doping level of 2.78 at.%, which is close to 
the experimental value of this work (3.05 at.%). Figure 3a shows the lowest energy 
defect structure among various configurations (structure 1, ST-1). It is composed 
of one Ti3+, two penta-coordinated Ti4+, one VO left after the removal of O
 as well 
as one N3- binding to one of the two penta-coordinated Ti4+ cations. Ti3+-VO-2Ti
4+-
N3- defect clusters are then formed locally in anatase TiO2 crystal structure. 
Structure 2 (ST-2) of Figure 3b also presents the similar defect clusters as ST-1, 
but its N3- ion just bridges two penta-coordinated Ti4+ cations, leading to a 0.058 
eV higher total energy than structure 1. Other configurations either lie at too high 
total energy to be present in significant numbers experimentally or do not match 
the chemical composition of our samples (e.g. Ti3+ ions cannot be found in the 
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calculation of the scenario of interstitial nitrogen.). Therefore, they are not 
discussed here.  
These two different defect structures significantly modify the electronic structure 
of TiO2. Figure 3c exhibits the calculated total density of states (DOS) for ST-1 
and ST-2. Their bandgaps are both narrowed to about 2.79 eV in contrast to 2.98 
eV of un-doped anatase TiO2 and are in reasonable accordance with their results of 
optical absorption measurement (Figure 2a). However, we further find one newly 
formed mid-gap energy level in the bandgaps. It is shallower in ST-1 and locates 
0.38 eV above the top of valence band, but slightly deeper in ST-2 and locates 
0.75 eV above the top of valence band. The narrowed bandgap and newly 
introduced mid-gap energy level result in the visible light absorption of the 
(Ti0.9619
4+
Ti0.0381
3+
)(O1.9352
2- N0.0305
3- ☐0.0343) nanocrystals. 
In addition, we have calculated the optical absorption coefficient in an attempt to 
directly observing the enhanced visible light absorption by introducing Ti3+-VO-
2Ti4+-N3- defect clusters (Figure 3d). Two absorption tensor components (xx and 
zz) demonstrate their finite absorption into the visible light regions. Moreover, ST-
2 has a stronger visible light absorption ability than ST-1, though the latter is 
thermodynamically preferred. It is thus clear that the introduction of Ti3+-VO-2Ti
4+-
N3- defect clusters in anatase TiO2 host materials is critical to enhance visible light 
absorption of TiO2 and is then necessary for outstanding visible light catalytic 
performances.  
CONCLUSION 
In conclusion, Ti3+ and N3- ions are successfully incorporated into anatase TiO2 crystal 
structure through a novel solvothermal reaction route. These introduced extrinsic ions and 
associated oxygen vacancies locally generate Ti3+-VO-2Ti
4+-N3- defect clusters for 
narrowing the bandgap, forming midgap energy level and thus enhancing VLC properties 
of host TiO2 materials. The concept, design strategy and synthesis method of highly 
efficient visible light catalysts driven by defect clusters will provide a guidance for the 
further development of other photocatalytic materials and also brings new insights for the 
significance of local defect structures on modifying material properties. 
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Figures
 
Figure 1, The XRD pattern (a), HRTEM lattice image (b), TGA curve (c) and XPS data 
(d-f) of the synthesized anatase (Ti0.9619
4+
Ti0.0381
3+
)(O1.9352
2- N0.0305
3- ☐0.0343) nanocrystals. The 
inset of (a) is their optical photograph. 
 
Figure 2, The UV-Vis absorption spectrum (a) and associated Tauc plot of the 
synthesized ( Ti0.9619
4+
Ti0.0381
3+
)( O1.9352
2- N0.0305
3- ☐0.0343 ) nanocrystals. (b) is the 
photocatalytic degradation of RhB under visible light irradiation (λ≥400 nm) using 
them as visible light catalysts. Here, “dark” means no light irradiation for achieving 
an adsorption/desorption equilibrium of RhB on nanoparticle surfaces. “C0” is the 
initial RhB solution concentration while “C” indicates the remaining concentration 
at selected reaction time. 
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Figure 3, Ball and stick model of two local Ti3+-VO-2Ti
4+-N3- clusters formed in 
anatase TiO2 crystal structure with lower total energy (a is Structure 1, ST-1 and b 
is Structure 2, ST-2).  (c) is the total density of states of the two different defect 
structures calculated using the mBJ potential, with E=0 corresponding to the Fermi 
energy. (d) is the calculated optical absorption coefficient from ST-1 and ST-2 for 
two components (xx, zz) of the anisotropic optical tensor, showing their light 
absorption into the entire region (400-700 nm) depicted by the overlaid spectra. 
Table 1. The measurement conditions of photocatalytic reaction and the compared 
photocatalytic efficiency between our defect clusters modified samples and 
commercial Degussa-P25. 
Photocatalyst
s 
Measurement 
Conditions 
VLCs 
concentratio
n 
RhB 
concentratio
n 
VLC 
efficiency 
Our samples 
Xe lamp  
(500 W, 400 nm 
cutoff) 
1 g/L 20 mg/L 
~94%@25mi
n 
Degussa-P25 Xe lamp  1 g/L 20 mg/L ~7%@25min 
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Supporting Information 
SI-1, The crystallite sizes of (Ti3+, N3-) co-doped TiO2 nanocrystals 
The Scherrer equation (Equation S1) is used to calculate the average particle size of (Ti3+, 
N3-) co-doped anatase TiO2 nanocrystals, where the Bragg angles (, 25.27°) and the line 
broadening at half the maximum intensity (, 1.05) come from the strongest (101) 
diffraction peak; D is the average particle size; λ is the X-ray wavelength of CuK 
                                                 
* Corresponding author: Professor Yun Liu; E-mail: yun.liu@anu.edu.au. 
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radiation (0.15418 nm) and K is a dimensionless shape factor (0.9). The calculated 
results show that their average crystalline size is only 7.7 nm. 
𝐷 =
𝐾𝜆
𝛽𝑐𝑜𝑠𝜃
                       Equation S1 
SI-2, A low magnification TEM image of (Ti3+, N3-) co-doped TiO2 nanocrystals 
 
Figure S1, A low magnification TEM image of (Ti3+, N3-) co-doped anatase TiO2 
nanocrystals. 
The lattice image of Figure S1 shows that the particle size of the prepared (Ti3+, N3-) co-
doped TiO2 nanocrystals is small and most of them are below 10 nm. This result is also 
in consistency with the calculation of the Scherrer equation. 
SI-3, The specific surface area of (Ti3+, N3-) co-doped TiO2 nanocrystals 
 
Figure S2, The curve of 1/[W(P0/P-1)] versus P/P0 for (Ti
3+, N3-) co-doped TiO2 
nanocrystals 
The specific surface area of (Ti3+, N3-) co-doped TiO2 nanocrystals was measured through 
the Brunauer-Emmett-Teller (B.E.T.) method at liquid nitrogen temperature (77 K). The 
B.E.T. surface area is calculated through Equation S2. In this equation, “S” stands for 
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the specific surface area of samples; “Vm” is the monolayer capacity; “Lav” is the 
Avagadro’s number (6.022x1023); “Am” is the cross-sectional area (1.62x10-19 m2) and 
“Wt” is the molecular weight of N2 (28.01 g/mol).  
𝑆 =
(𝑉𝑚×𝐿𝑎𝑣×𝐴𝑀)
𝑊𝑡
                Equation S2 
The Vm value in the Equation S2 is calculated through the slope (27.864) and intercept 
(0.5253) of the curve of Figure S2. The calculated result shows that (Ti3+, N3-) co-doped 
nanocrystals have the B.E.T. surface area of about 122.7 m2/g. 
SI-4, The TGA curve of (Ti3+,N3-) co-doped TiO2 nanocrystals below 450°C 
 
Figure S3, TGA curve of (Ti3+, N3-) co-doped TiO2 nanocrystals from 30 °C to 450 °C. 
Figure S3 shows the TGA curve of (Ti3+, N3-) co-doped anatase TiO2 nanocrystals 
between 30°C and 450°C. It is found that the total weight loss in this temperature range 
is 13.7 wt.%. Such a substantial loss generally comes from physically/chemically 
bonded chemicals on material surfaces such as physically adsorbed H2O, chemically 
bonded -OH, -CH3 and other organic groups. The further analysis of those chemicals on 
nanoparticle surfaces is shown in their FT-IR spectrum (please see SI-5). 
SI-5, FT-IR spectrum of (Ti3+, N3-) co-doped TiO2 nanocrystals 
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Figure S4. FT-IR spectrum of (Ti3+, N3-) co-doped anatase TiO2 nanocrystals. 
In order to analyse the origin of the 13.7 wt.% weight loss below 450 °C, FT-IR 
spectrum of  (Ti3+, N3-) co-doped anatase TiO2 strongest absorption peak at about 3432 
cm-1 comes from the stretching vibration of hydroxyl groups physically adsorbed or 
chemically bonded on  (Ti3+,N3-) co-doped TiO2 surfaces including water and/or ethanol 
while the sharp peak at about 1638 cm-1 is related to their bending vibration. The 
absorption bands in the region of 2850-2962 cm-1 are assigned to different C-H stretching 
vibration modes such as -CH2, -CH3 and others. The small peak at 2318 cm
-1 is caused 
by absorbed CO2 while the peak at 1361 cm
-1 originates in the bending vibration of C-H 
bonds. The stronger peak at 1098 cm-1 should be related to the vibration of C-C bonds. 
The broad peak at about 680 cm-1 belongs to the characterized absorption peak of Ti-O 
chemical bonds. The removal of these surficial groups results in their large weight loss at 
lower temperatures. 
SI-6, The EPR spectrum of (Ti3+, N3-) co-doped anatase TiO2 nanocrystals  
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Figure S5, The EPR spectrum of (Ti3+, N3-) co-doped anatase TiO2 nanocrystals 
collected at 20 K temperature condition. 
The EPR spectrum of (Ti3+, N3-) co-doped anatase TiO2 nanocrystals is shown in Figure 
S5. An EPR peak appears at about 3330 Gauss and represents the presence of Ti3+ ions in 
the samples. This result is consistent to that of XPS. 
SI-7, The decomposition of Rhodamine B under direct light illumination and using 
commercial P25 as visible light catalysts. 
From Figure S6, it can be found that RhB itself cannot decompose at our experimental 
condition even prolonging the reaction time to 60 minutes. Meanwhile, the commercial 
Degussa-P25 presents very low photocatalytic efficiency for RhB with the C/C0 value of 
up to ~93% at 25 minutes and ~60% at 60 minutes. This also demonstrates that the 
excellent photocatalytic property of (Ti3+, N3-) co-doped anatase TiO2 nanocrystals 
should be attributed to the introduction of highly concentrated Ti3+-VO-2Ti
4+-N3- defect 
clusters. 
 
Figure S6. Photocatalytic degradation of Rhodamine B under direct light irradiation 
(λ≥400 nm) using the commercial Degussa-P25 as visible-light-catalysts or no catalysts. 
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3.5 (N3-, M5+) co-doping strategies for the development of TiO2-based visible light 
catalysts 
I wrote this review paper under the guidance of prof. Yun Liu. 
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Chapter 4. Main Achievements and Outlook 
(1) Main achievements 
Based on local defect structural design and new chemical synthesis strategies, a major 
difficulty to efficiently introduce difficult-dopant ions such as N3- and In3+ into TiO2 
crystal structures at high concentrations through wet chemical synthesis routes, was 
solved. Two high-efficient TiO2-based visible light catalysts were successfully 
synthesized for environmental remediation by directly using the clean and renewable 
solar energy; and one raw material for manufacturing new ceramic capacitors and new 
TiO2 metastable polymorphic phases was achieved. The investigations on doping 
mechanisms, defect formation and associated impacts on material performances will not 
only benefit the future development of physical chemistry, material science and defect 
chemistry, but also open a new route to design novel multifunctional materials based on 
local defect structures in materials. 
As the first author, four peer-reviewed papers have been published on Advanced 
Materials, The Journal of Physical Chemistry Letters, Crystal Growth & Design, and 
Research and Reviews in Electrochemistry, respectively. Another paper is now under 
review after submitting to journals. As the corresponding author, one peer-reviewed paper 
have been published on Solid State Communications. As one of co-authors, five peer-
reviewed papers have been published or are under review. In addition, five patents have 
been applied and two conference presentations have been provided.   
(2) Prospects 
In view of the experimental results presented in this thesis as well as the recent research 
progress reported in the literatures, much possible continuing work should be further done 
for the development of high-efficient visible light catalysts and TiO2-based ceramic 
capacitors designed in terms of electron-pinned defect dipole mechanism. 
 The technological bottleneck for manufacturing (N3-, Nb5+) or (N3-, Ti3+) co-
doped TiO2-based visible light catalysts should be explored in order to large-
scalely commercialize them. The potential technological barriers are mainly 
focused on the reaction homogeneity of the whole reaction systems at magnified 
conditions, the repeatability of prepared methods at different batches, as well as 
the stabilities of material properties. 
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 The application of (N3-, Nb5+) or (N3-, Ti3+) co-doped TiO2-based visible light 
catalysts in the complicated and realistic environments should be further 
investigated. These environments not only include pH values of wastewater, the 
concentrations of heavy metal ions and different types of pollutants, but also are 
related to the effects on live creatures and the recycling of visible light catalysts. 
 The technological requirement of using the synthesized (In3+, Nb5+) co-doped 
TiO2 nanocrystals to prepare single-layer/multi-layer ceramic capacitors should 
be explored. The experimental or industrial methods to control defect states of 
(In3+, Nb5+) co-doped TiO2 materials should be also investigated during sintering 
processes. The feasibility of using these small nanocrystals to prepare single-
/multi-layer ceramic capacitors should be demonstrated. 
 The doping mechanism about difficult- and easy-dopant ions should be further 
demonstrated in other co-doped material systems. The significant roles of local 
defect structure in other materials or for other physicochemical properties should 
be also investigated in the continuous research work. Furthermore, the direct 
experimental evidences for the presence of local defect structures would be found. 
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